GaAs surface barrier diodes with different areas have been fabricated and tested as particle detectors. It is shown that the reverse current is affected both by the area of the Schottky contact and by its circumference. The charge collection properties can be explained on the basis of a model that takes into account trapping effects and the distribution of the electric field within the detector. From this model (several) rules for optimizing GaAs detectors are derived. 
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Introduction
The development of fast and radiation resistant detectors is an important requirement in view of HEP experiments at the high luminosity (10 33 10 34 cm-2 s-1 ) pp-collider LHO. Especially inner tracking detectors have to withstand doses of :5 10Mrad/yr and neutron fluencies in the range of:5 10 14 ~/yr [1] . The radiation resistance of devices made of GaAs and their successful application in high speed electronics are well known [2] . GaAs is one of the most familiar materials of the III-V semiconduc tor compounds and is commercially easily avail able. So it is a very promising material for solid state detectors that can be used in a high radi ation enviroment. The energy required to create an electron-hole pair in GaAs (4.27 e V) is nearly the same as in Si (3.76eV) [3] . Because of the high Z (32) and density (5.32gcm-3 ) , the radi ation length of GaAs is Xo = 2.3 cm. Consid ering the resulting high specific energy loss for minimum ionizing particles in GaAs « f )mop '" 0.56;~, mop: most E,robable value), a 200j1m thick GaAs-detector with 100 % charge collection efficiency will give signal of ~ 26000 electrons.
Taking into account the high Z, GaAs is a very promising material for use in photon detection systems. GaAs is an attractive candidate also in the case of medical applications, where, in addi tion to high spatial resolution, a large detection efficiency for low energy photons (30-S0ke V) is demanded in order to reduce the total dose for the patient.
Properties of detectors made of SI-GaAs
The material mainly used for applications in HEP is SI-GaAs which is grown by LEO (Liquid En capsulated Czrochalski), VGF (Vertical Gradi ent Freeze) or HB (Horizontal Bridgeman) [4] . Crystals grown by these methods have a large background concentration of impurities which are mainly Si and C in concentrations of 10 14 1016cm-3. These impurities act as shallow donors or acceptors and become compensated [4] by deep levels located close to the midgap. Deep levels can be introduced either by doping with Cr or by a special thermal treatment that creates lattice defects correlated with a deep level called EL2. Commonly used concentrations of Cr or EL2 are in the order of 10 15 -10 16 cm-3 . The result of compensating impurities by deep levels is a high resistivity material with 10 7 -10 8 0cm. Considering the correspondingly low carrier con centration ( ....... 10 7 -10 8 cm- 3 ) one can show [5J that the built-voltage is sufficient to fully deplete Schottky-diodes made of SI-GaAs. The deep levels influence the behaviour of the de tectors in some additional points :
• They act as recombination and trapping cen ters which reduce the carrier lifetime.
• Due to. . . band bending in the vicinity of the Schottky contaCt, they become ionized [6] and the charge density distribution becomes very inhomogeneous. The electric field dis tribution splits the detector in an active part where E is large and charge transport can occur and in an inactive part with very low electric field.
Based on these phenomena we developed a model [7J which explains well several of the properties of the detectors.
Detector fabrication &; be haviour is 508pm. It is obvious that all detectors with identical dimensions show an identical behaviour. This indicates the high homogeneity of the ma terial and the stability of the production process. The slope of the 1-V-characteristics in the plateau region indicates a contribution of surface currents ficiency (cce) e(xo) within the detector, which is plotted in fig.7 responds to a particular value of the thickness XA of the active layer resulting from a certain bias voltage. Considering the signal at constant detector thickness, it is clear that the thickness of the active layer XA should be as high as pos sible. On the other hand, the plot shows that signal will be lost, if the detector is thicker than the active layer width XA; the best case will be shows that with an detector of 100p,m thickness and an amplification factor of M=2 a signal of 5 more than 20000 electrons can be expected.
Conclusion
Several GaAs detectors have been fabricated and tested as particle detectors in Aachen. The de pendance of leakage current on detector geome try and the influence of the backside contact on the breakdown voltage have been clearly demon strated. In view of safety of operation and good signal to noise ratio the optimisation of the back side contact is strongly required. A promising method, presently under investigation, to sup press hole injection is the use of a n+ -layer un derneath the backside contact. Detector properties like charge collection effi ciency could be understood on the basis of a model that takes into account material and detec tor parameters. Especially the strong dependence on detector thickness was clearly demonstrated. In this connection some rules towards optimisa tion of the detectors are given. They concern both detector parameters (e.g. bias voltage, detector thickness) and material parameters (e.g. carrier lifetimes, concentrations of deep levels). Furthermore a promising possibility to improve the signal by using avalanche layers has been pre sented. First results of this new method will be forthcoming. • 
Abstract
In April 1994 we irradiated more than 60 GaAs detectors made from the same wafer with different fluencies in the ISIS neutron source at the Rutherford Appleton Laboratory. The detectors were produced in Aachen from SI-GaAs from American Xtal Technology (AXT). All detectors remained functional after irradiation with up to 1 X 1015~. Even at the highest radiation level the reverse current density of the detectors is below 50 ,.:~~ at 200V bias voltage, only a factor of four higher than before irradiation. After 1 x 1015~ the signal for minimum ionising !!articles is a factor of two lower than before irradiation. No difference was seen beween detectors that were biased during the exposure and those that were not. The detectors were operated at room temperature during and after the exposure. 
The irradiated devices
The 300JJm thick SI-GaAs wafer from AXT was completely processed in Aachen in 1993. The de tectors were formed by reverse biased N iCr/ Au Schottky contacts with 3mm diameter. The back side contact was formed by only one uniform NiCr/Au Schottky contact over the entire wafer. This contact was forward biased and thus showed ohmic behaviour. Figure 1 shows the arrange ment of the 110 diodes on the wafer. The wafer was sawn in four pieces and three of them were sent to the ISIS neutron source. To examine the difference between biased and not biased detectors, five diodes on each wafer were biased with 200V during the three weeks of ir radiation time. Table 1 lists the radiation levels and the number of irradiated diodes on each wafer quadrant. The energy stpectrum of the neutrons used here is strongly peaked at 1MeV as can be found in [1] .
The typical I-V characteristic of the GaAs de tectors before irradiation is shown in figure 2 . 
Measurements after irra diation
After the irradiation all detectors were found to work satisfactorily at room temperature. The I V characteristics plotted iIi figure 4 shows that the current density after 1 x 10 15 c~" is below 50~ at 200V bias voltage. At 300V it is still mm below 70 ::~'j. The homogeneity of the sample has not changed with the irradiation. There was no difference seen between biased and not biased detectors. Figure 5 shows typical minimum ion is The average signal for minimum ionising par ticles decreases with the radiation level as shown in figure 6 . Starting with about 16000e-at 300V bias voltage the signal drops to 7000e-after the highest radiation level (1 X 10 15 c:!")' 
Conclusion
More than 60 GaAs detectors have been irra diated at the ISIS neutron source with fluences reaching up to 1 X 1015~. All detectors work well after the irradiation without requiring cool ing. The very good homogeneity of the detector sample was not affected by the exposure. No dif ference was found between detectors that were biased during the exposure and those that were not. The current density is below 70':~::l at 300V after 1 x 10 15 C;:'2' The signal for minimum ion ising particles is about 7000e-at 300V after the highest radiation level and neither annealing nor anti annealing is seen. Former investigations with G0 6 0 photons (total dose 100Mrad) did not show any significant changes in detector parameters [2] . More detailed information about the mea surements presented here can be found in [3] . 
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We are greatful to Mike Edwards from the Rutherford Appleton Laboratory for his support in making the irradiation of our devices possible. Figure 1 shows the arrangement of detectors on the 2 inch wafer. Both contacts of the detector are Schottky contacts formed by Figure 1 : The design of the GaAs detector NiCr/Au. The backside contact gets forward bi ased so that it has an ohmic behaviour Due to the high bias voltage (up to 450V) the the data were taken with 50GeV electrons. To strip detector is AC coupled to the input of the define the beam, an X-Y Si beam telescope was Viking preamplifier chip and the high voltage is installed in the beam line. The telescope con brought to the detector via a seperate power sup sisted of two boxes equipped with beam defining ply line. A special hybrid to support the GaAs de counters. One of the boxes was placed in front of tector, the coupling capacitor chip, and the load the detectors under test while the other one was resistors, has been used in the setup ( figure 2) . placed behind them. The distance between the Figure 3 shows the way the detector was coupled two boxes was about 1.5m.
to high voltage and preamplifier input.
Each box included two scintillation counters and four' Si strip detectors. The scintillation
Beam Test Setup counters defined a beam of 2 x 2cm
2 while the Si strip detectors with 50l'm pitch measured the The experiment was carried out with sever,al in position of the incident particles, Between the stitutes in collaboration [2] Up to seven detectors could be tested at the same time in this setup. Each detector was mounted in an aluminum frame with alignment holes for positioning them on the table. To avoid multiple scattering the frames were only covered with mylar foil. The Viking preamplifier chips were mounted inside the frame on a special hy brid, while additional "repeater cards" for each detector were fixed to the outside of the frame. The low voltage for these readout modules was provided via twisted pair cables, while the high voltage for the GaAs detector was brought via a shielded two conductor cable from a floating bat tery supply. To avoid noise pick up in the beam area, a low pass filter was placed right beside the aluminum frame in the power supply line of the GaAs detector. ,~ .
Readout
As mentioned before, the collaboration used the low noise Viking preamplifier chip for the read out of the whole system, including the X-Y Si telescope and all devices under test. Each de tector was equipped with a repeater card for the definition of the timing and the low power con trol. The trigger for the readout was formed by the four scintillation counters and passed to the "SRS" module. The timing signals of this module were brought to the repeater cards and to a re ceiver and ADC in the CAMAC readout system. Figure 5 gives an overview of. the readout system. A single ADC channel was used to readout up to 64 Viking chips of 128 channels each. For this reason the dead time of the system was rather high, so that from the available 4000events/min only about 80events/min were read out. Ad ditionally, every 15 seconds, four random trig ger create pedestal events in the data sample. The CAMAC system was read out by a PC (486DX2) and the data were stored on disk (regu 11 4 larly shifted to cartridge tapes). More detailed in formation about the readout system can be found in [2] .
Within three weeks of beam time the collabo ration collected ,-..; 450k events. These resulted in ,-..; 150k hits on the GaAs detector, since the latter did not cover the entire beam profile. The data sample includes runs with different bias volt~ges of the GaAs detector and different detector ori entation with respect to the beam {see Figure 6 ). 
Results and Data Hand ling
Looking at the raw data of the GaAs detector, hits are clearly visible (shown for two different events in figure 7a ) even without common noise (see below) and pedestal subtraction. After sub traction of common noise and pedestal, the iden tification gets even easier (figure 7b). Only ev ery fourth channel of the Viking is bonded to the GaAs detector so that 32 GaAs channels are read out. A characteristic aspect of the Viking chip is the existence of common noise: For a given event, the pedestal position for each channel is constant rel ative to that for the other channels; however, the pedestal level varies from event to event. There fore one can get rid of the common noise by sub tracting the mean ADC count of the 128 channels from the dat.a. Treating pedestal events in this way, one can determine the pedestal position and width for each readout channel.
In case of the GaAs detector we found out that the correlated noise was different for the bonded and not bonded channels. Therefore we calculate the common noise using the mean ADC count of the bonded channels only. To avoid systematical errors, channels including a signal are excluded from the common noise calculation by an iterative algorithm.
Given the easily visible hits in the raw data (figure 7), the definition of a cluster algorithm is very easy: We consider a channel to be the seed of a cluster, if after pedestal subtraction it has a signal exceeding the width of the channel pedestal by a factor of four. With this definition, the amount of false hits is only 0.1%. Channels within ±2 of the seed are then added to the clus ter if their signal exceeds their pedestal width by a factor of at least two.
In figure 8 the cluster pulse height spectra for two different runs are shown. The pedestal in the two spectra is artificially inserted to give an idea of the signal to noise ratio. On the right side of figure 8 the multiplicity for the two runs is given. The bias voltage is 450V in both runs, while the beam angles are i fJ =0° and e =0° in the upper and i fJ = 0° and e = 45° in the lower case.
The dependence of the signal to noise ratio on the beam angle of incidence is given in figure 9 . Figure 10: Dependence of the signal to noise ratio on the bias voltage age is shown. As: expected the signal increases nearly linearly with the' bias voltage, Consistent with the measurements on the test pads carried out before the beam test, the charge collection efficiency at 450V is calculated to be 29 ± 3% for this 508Jlm thick wafer, With a simple center of gravity method one can calculate the position of the incident parti cle on the GaAs detector. For the calculation of the r.m.s, residual a linear fit through the refer ence sensors is calculated and the deviation of the measured GaAs position from this fit is plotted in figure 11 . The residual of 72Jlm is close to the value of 200pm/v'i2, wich w()uld be obtained for digital readout. However, no ~orrection has been made for multiple scattering due to the other sen sors present in the beam line,
Conclusion
The first GaAs microstrip detector fabricated in Aachen functioned very welL Particle hits are easy to identify even in raw data and the calcula tion of the signal to noise ratio leads to a value of 13 at 450V bias voltage and perpendicular beam incidence. The ratio varies from 8 to 26 with dif ferent bias voltages and beam angles. The spa We report measurement results wi'th single GaAs field effect transistors and monolithic C HFET based operational amplifiers in GaAs technOIOg~. All the devices have been exposed to neutron irradiation (1 MeV) with a total fluence of 10 5 nlcm 2 . The i:implifiers considered here had already been irradiated either with photons from a 60Co souce for a 100 Mrad dose or with 10 14 n/cm 2 neutrons. All devices remain fully functional after irradiation. We compare their amplification and noise parameters before and after the (additional) exposure of 10 1 5 n/cm 2 .
Introduction
The anticipated high radiation and collision rate environment at LHC places demanding requirements on the front end electronics in the central tracker and in the very forward region, with doses in excess of 100 Mrad and fluences of 10 1 5 n/cm 2 . We show in this paper that GaAs based transistors, especially metal semiconductor field effect transistors (MESFETs) and complementary high electron mobility field effect transistors (C-HFETs or 'C-HEMTs), show an excellent radiation hardness fully compatible with these requirements. Additional demands on these devices are low noise behaviour since it is the limiting factor for the signal to noise ratio, and low power consumption due to the high density of channels. We first compare the amplification and noise parameters for different transistor technologies. We then examine the transistor parameters before and after an exposure to neutrons 10 15 n/cm 2 peaking at 1 MeV [1] for a total fluence of 10 15 nlcm 2 . Finally we investigate the behaviour of operational amplifiers also exposed to 1 0 1 5 n/cm 2 (part' of the 10 14 amplifiers had been irradiated with n/cm 2 , while the rest had collected a dose of 100 Mrad photons from a 60Co source, the results of these earlier experiments are reported in [2] ). All transistors and amplifiers showed ony slight changes in their parameters.
DC Ampl ification and noise parameters of different transistor technologies
In a first step we investigate the DC parameters of single transistors from different manufacturers [3, 4] . . The arrow shows the region of very low power consumption, where we intend to operate the transistors. The characteristics show a drop of approximately 10% after irradiation with neutrons. Figure 3 .2a and b show the output characteristics of n-and p-type transistors, respectively. In both figures the lower curve corresponds to low power consumption at low drain current densities, while the upper one shows the results in the high power consumption region. For both curves a slight drop of the characteristics due to the irradiation is observed. From these irradiation results for single transistors it can be concluded that this technology is very suitable for building an extremely radiation hard, high gain and low power consumption ampli.fier. The small changes of the parameters after the irradiation indicate that no special circuit design against radiation damage is required and that the devices need not to be operated in a special environment.
4. GaAs operational amplifier in C-HFET technology: Parameters before and after an exposure to 10 15 n/cm 2
We investigated the dynamic behaviour and the noise characteristics of GaAs operational amplifiers fabricated with the same transistor technology (Honeywell) mentioned above. Figure 4 .1 shows the schematic circuit diagram of the amplifier. The differential input is followed by a folded cascode and a push pull driver. The input transistors have a gate width of 330J.1m and a length of 1J.1m. and showed unsignificant changes in the DC, AC and noise parameters due to this irradiation (reported in [2] ). All amplifiers survived the additional irradiation and continued to work well afterwards (reported in [5] ). Step answer of C-HFET operational amplifier before and after the additional irradiation of 10 15 n/cm 2
C.HFET FOLDED CASCODE OPAMP
Another very important parameter is the noise behaviour, since this is the limiting factor of the signal to noise ratio, especially with fast readout electronics having peaking times of the order of 40ns. We measured the equivalent noise charge (ENC) of the amplifiers with the help of a bipolar shapero Figure 4 .3 shows the ENC versus shaping time of a chip which had been irradiated previously with 100 Mrad "('s. The ENC values before and after the additional irradiation with 10'5 n/cm 2 are shown. The ENC measurement was performed with a stray capacitance of C tot = 11 .2pF as well as with additional 1OpF. The measured ENC values were fitted to obtain the individual noise contributions, i.e. the parallel noise, white serial noise and 1/f noise [2] . The total noise after the additional neutron irradiation increases by approximately 20%. The irradiation tests indicate an excellent radiation hardness of the operational amplifiers after being exposed to the full radiation expected at LHC within 10 years of operation. The amplification and noise parameters change only slightly, and no special circuit design or environmental conditions seem to be needed to protect against radiation damage.
Conclusion:
We tested single transistors in GaAs technology from different manufacturers. Compared to MESFETs the HFETs show superiour amplification at low current densities, so they are much more suitable for building a high gain and low power consumption preamplifier. We performed extensive irradiation studi~$ with the Honeywell C-HFET technology,wJ;th single transistors as well as with ioperational amplifiers. The IAF technology will be investigated in the future. All the devices survived and worked well after the full radiation expected within 10 years of LHC operation. The DC parameters changed less than 10%, the AC and noise parameters by about 20%. No special care by regarding the
